ABSTRACT: Temperature dependence of glucose concentration in toadfish blood was studied. Toadfish maintained at the same environmental temperature during the fall and winter showed no seasonal blood sugar change. Toadfish groups kept at four different environmental temperatures during winter exhibited increasing blood sugar levels with decreasing temperature and a disproportionately large rise in blood glucose at 6 and 0 C. Weight and lengfll were shown to have no influence on the fish's blood sugar level. A mechanism by which temperature exerted its effect on blood sugar is hypothesized.
Introduction
Fish blood sugar is regulated for the most part by two hormones, insulin and glucagon, secreted by the islets of Langerhans, while other hormones from the pituitary, thyroid, and adrenal glands have been shown to alter blood sugar levels (McCormick and MacLeod, 1925; De Bodo and Sinkoff, 1953; Fontaine, Baraduc and Hatey, 1953; Oguri and Nace, 1966) . Glucose control studies were further complicated because in different species, different combinations of hormones appeared to be active, and dissimilar carbohydratecontrolling mechanisms were found even between related vertebrate groups (Gorbman and Bern, 1962) . Hoar (1957) and Falkmer (1961) stated that the principal teleostean islet tissue contained two major cell types analogous to the alpha and beta cells of the mammalian islets. Furthermore, fish and mammalian insulin was found to have the same structure, shape of crystals, sulphur content and chemical behavior (Jensen, Wintersteiner, and Gelling, 1929; Scott, 1931) . Insulin extracted from fish tissues alleviated the symptoms of diabetes in both fish and man (Hoar, 1951) . Although 1Supported by Grant GB 4813 from the National Science Foundation.
under normal conditions regulatory mechanisms maintained mammalian blood glucose at a remarkably constant level (Gorbman and Bern, 1962) , blood sugar levels of certain species of teleosts have been subject to wide fluctuation (Pavlov, 1939; Schuh and Naee, 1961; Nace, Moule and Schuh, 1964) . Among those fishes studied was the oyster toadfish, Opsanus tau. This teleost fish, with a slow metabolic rate and discrete islets of Langerhans, has been widely used to study the regulation of glucose metabolism (Lazarow and Berman, 1947; Mansueti, 1955; Nace, et al., 1958; Watkins, Cooperstein and Lazarow, 1961) . Schuh and INace (1961) and Nace, et al. (1964) noted a large seasonal variation in the blood sugar concentration of the toadfish. Although Gray and Hall (1930) observed that the more active teleost fishes have a higher blood sugar level than the less active species, Nace, et al. (1964) found that the sluggish toadfish maintained a high blood glucose level throughout the winter. These poikilothermic fish studied by Nace, et al. (1964) inhabited waters in which the temperature ranged from -1 C in January to 22 C in August. Their data revealed 9 change in the toadfish blood sugar level from approximately 20 rag% in the summer months to 116 rag% during the winter.
The sugar content rose markedly in the late fall and remained at a high level until May. The cause of this unusual blood sugar activity has not been elaborated.
Temperature regulated studies on toadfish may provide information which will contribute to the understanding of the fish's blood glucose control mechanism. By maintaining experimental animals at chosen temperatures during the fall and early winter and periodically determining their blood sugar levels, the question whether the rise in toadfish blood glucose concentration is dependent upon environmental temperature or seasonal trends may be resolved. Furthermore, sustaining fish at several different temperature levels and testing for the blood glucose response during the winter when the toadfish usually maintains a relatively stable, hyperglycemic blood sugar level will provide additional insight into the role of temperature in the toadfish's glucose control mechanism. The results of this investigation initially will be useful in interpreting the temperature dependence of the toadfish's blood glucose concentration and ultimately can be utilized in the determination of the fish's mechanism of blood sugar regulation.
Materials and Methods
Toadfish were obtained from Chesapeake Bay during the first three weeks in October, 1966. The fish were maintained in filtered, aerated, artificial sea water of 18%o salinity. Because the feeding habits of the toadfish are not well known (Chrobot 1959) , the fish were not fed throughout the course of the experiment. The toadfish were arbitrarily separated into two groups of 20 fish. One group was maintained at room temperature, 20-22 C, while the other was kept at environmental temperatures which ranged from 11 to 14 C. Blood glucose determinations were performed on each group from November 7 through January 3. At two-week intervals, 10 fish from each group were arbitrarily chosen for the blood sugar tests.
Blood was extracted from the ventral tail vein of the fish (Block, et al., 1964) .
A 10 cc syringe with a 20 gauge needle was used, and .5-1 ml of blood was drawn. The syringe and needle were first rinsed in a 2% solution of sodium oxalate to prevent clotting of blood.
The Glucostat method of the Worthington Biochemical Company (1963) was employed for the blood sugar determinations. This was chosen over the commonly used, modified Folin procedure (Murrell and Nace, 1958) because Saifer and Gerstenfeld (1958) showed that the former was specific for D-glucose, while Moule and Nace (1963) found that the oxidizing agent of the Folin procedure reacted with non-glucose reducing materials in the blood. Duplicate blood sugar determinations were made on one blood sample per day of testing as a check on the reliability of procedure.
After the previous study was completed, 18 fish which had been kept at 11-14 C were transferred to an environment in which the temperature was maintained at 5-7 (6) C. Two days later 9 of these fish were shifted to an environment maintained at -1 to +1 (0) C. Nine fish which had been kept at room temperature were transferred to an 11-14 (12.5) C environment, and nine of the other toadfish previously maintained at room temperature were placed in an environment in which the temperature was 18-20 (19) C. These steps were followed in order to prohibit mortality caused by a drastic temperature change. Thus the fish were separated into four groups, each consisting of 9 fish maintained at 0, 6, 12.5 and 19 C. After the fish were sustained at their respective temperature levels for two weeks, blood glucose determinations were made on each group during the period from January 24 to January 31, and the tests were repeated two weeks later . Following the first glucose determinations, each fish was measured for length, weighed, and tagged by fixing colored, nylon thread on the dorsal fin.
During the two weeks following the second series of blood sugar tests, 6 of the 36 experimental fish died. The remaining fish were then removed, and on February 24 they were replaced by toadfish procured
